Introduction
Histiocytic sarcoma (HS) is a rare and aggressive malignant neoplasm that has morphological and immunophenotypic features of mature tissue histiocytes. 1 It predominantly occurs in adulthood, although any age may be affected. Sites of involvement may be nodal or extranodal, and include the gastrointestinal (GI) tract, skin, and liver. 2 Histologically, the tumor cells are usually pleomorphic with cytologic atypia and can be multinucleated or have a spindled or xanthomatous morphology. The diagnosis of HS requires the demonstration of histiocytic markers (CD68, CD163, CD4 or lysozyme) and the exclusion of tumors of other lineages by negativity of immunohistochemical stains for Langerhans cells (CD1a, langerin), follicular dendritic cells (CD21, CD23, clusterin), B and T cells, cells of myeloid or epithelial lineage (MPO, CK), and melanocytic markers. 3, 4 Histiocytic sarcoma may arise as a primary neoplasm (pHS), but is also well described in the context of an existing or concurrently diagnosed hematologic malignancy, most frequently a follicular lymphoma, but also chronic lymphocytic leukemia (CLL) and B-or T-lymphoblastic leukemia (B-ALL/T-ALL). [5] [6] [7] [8] [9] Rare cases have also been associated with mediastinal germ cell tumor. 3 Cases arising in the context of a lymphoid neoplasm are often referred to as "secondary" HS (sHS), and frequently possess identical clonal antigen receptor gene rearrangements or occasionally identical structural events (e.g. identical IGH/BCL2 rearrangements) as in the associated lymphoma. However, on histological and immunophenotypic examination they have no other evidence of lymphoid origin. 5, 6, 10 Rather, these cases express markers of histiocytic/monocytic differentiation, but are nonetheless thought to be related to the associated B-cell neoplasm through a poorly understood process sometimes referred to as transdifferentiation 5 or origin from a common neoplastic progenitor. 11 Interestingly, the presence of clonal IG gene rearrangements or a BCL2 translocation is not restricted to secondary cases associated with a B-cell malignancy, as both abnormalities have also been observed in sporadic or "primary" cases of HS. 12, 13 In contrast to the more comprehensive studies performed in other histiocytic tumors, especially Langerhans cell histiocytosis and Erdheim-Chester disease, [14] [15] [16] [17] until recently, molecular analysis of HS has remained relatively underexplored. 18 BRAF p.V600E mutations have been reported in approximately 12% of 108 published cases with molecular or immunohistochemical data, and additional alterations in members of the RAS/MAPK and PI3K/AKT pathways, including other BRAF variants, KRAS, HRAS, NRAS, MAP2K1, PIK3CA, PTPN11 and PTEN are also described (see Online Supplementary Tables S1 and S2 for a complete list of references). The distinction between pHS and sHS is often not clearly defined in these studies. To better understand the genetic landscape of alterations in a well-characterized series of pHS, we performed an integrated genomic analysis of 21 cases utilizing whole exome sequencing, whole transcriptome sequencing, and copy number analysis. Cases of sHS were intentionally excluded from this study.
Methods

Case selection, IGH/BCL2 and clonality studies
Twenty-one cases of pHS were identified from the files of the Hematopathology Section of the National Cancer Institute under an Institutional Review Board approved protocol (Online Supplementary Methods) . The histological and immunophenotypic features and clonality characteristics of the cases are detailed in Figure 1 and Online Supplementary Table S3 . DNA and RNA were isolated from formalin-fixed paraffin embedded (FFPE) tissue. Immunoglobulin (IGH and IGK) and T-cell receptor (TRG) gene rearrangement studies were performed in 19 of 21 cases and IGH/BCL2 (MBR) translocation analysis in 17 of 21 cases (Online Supplementary Methods). 
Whole exome sequencing
Variant analysis
Germline variants were excluded in three cases with available matched normal samples. Exonic variants with a depth of coverage ≥ 20 and a read count ≥ 6 were retained. As matched germline samples were unavailable for most cases, we generated a targeted gene list to reduce the number of variants for review. Genes were compiled from the COSMIC Cancer Gene Census (http://cancer.sanger.ac.uk) 19 and literature review to select disease relevant genes with a potential oncogenic role. The list was supplemented with additional genes identified by filtering the exome sequencing data to include recurrently mutated genes (≥ 3 samples) after removing variants based on CADD phred-like scores 20 and population allele frequencies (Online Supplementary Methods). All variants involving genes in the targeted gene list were evaluated and categorized as significant based on set criteria (Online Supplementary Methods and Online Supplementary Figure S1 ). Variants not meeting the set criteria were excluded. Mutations were reviewed in the Integrative Genomics Viewer (IGV). 21
RNA sequencing
Details of RNA library preparation, sequencing and fusion detection are described in the Online Supplementary Methods. RNA-Seq analysis was conducted using the CCBR RNA-Seq pipeline (https://github.com/CCBR/Pipeliner). Gene set enrichment analysis was performed using Ensemble of Gene Set Enrichment Analyses (EGSEA data version: 1.6.0) 22 and sorted by average rank.
Copy number analysis
Nine samples were successfully assessed using the OncoScan CNV FFPE Assay (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's protocol. Copy number was estimated from the exome sequencing data in the remaining cases using default settings for CNVkit v0.8.5 23 and PureCN v1.8.1. 24 Calls from CNVkit were exported in nexus.ogt format for review and annotation in Nexus 9.0 Software (BioDiscovery, Hawthorne, CA, USA). Alterations called by both algorithms were further analyzed as described in the Online Supplementary Methods.
Data sharing
All genomic data from this study will be deposited in the dbGaP database (www.ncbi.nlm.nih.gov/gap) with the accession number phs001748.v1.p1.
Results
Primary histiocytic sarcoma is characterized by frequent alterations involving the RAS/MAPK pathway
Whole exome sequencing was performed on 21 cases of pHS as defined in the Online Supplementary Methods, and on three matched normal controls (His01, His08, His16), in two groups. The median coverage in the first 15 cases ranged from 106-165x, and in the second six cases from 205-305x. Sequencing depth for the three matched controls ranged from 72-143x. Variants were filtered as described in the Online Supplementary Methods using stringent criteria, and all candidates were individually reviewed in IGV.
Multiple and occasionally concurrent mutations involving genes of the RAS/MAPK pathway ( Figure 2 , Online Supplementary Table S4 and Online Supplementary Figure S2 ) were identified in 19 of the 21 cases. The most frequently mutated RAS/MAPK pathway genes were NF1 and MAP2K1 (5 cases each). Interestingly, 4 of 5 cases with NF1 mutations involved the GI tract, although one biopsy sequenced was a supraclavicular lymph node. Three of the cases had a single NF1 mutation (p.Q1822* [His01]; p.V1182D [His02]; p.Q1086* [His16]), whereas the other two had two mutations each (p.R304* and p.Q1775* [His12]; p.L298* and p.K660fs [His17]). Six of the seven variants were nonsense mutations or frameshift deletions and therefore predicted to be inactivating. The single missense mutation (p.V1182D) was predicted to be deleterious or probably damaging by functional impact algorithms SIFT 25 and PolyPhen-2. 26 In addition to NF1 mutations, 3 of the 5 cases showed concurrent mutations in PTPN11 (p.F71V [His01]; p.E76G [His02]; p.A72V [His12]). PTPN11 mutations were present within the autoinhibitory N-SH2 domain at amino acid residues known to be associated with a gain-of-function consequence and described in Noonan syndrome and juvenile myelomonocytic leukemia (JMML). 27, 28 One case without a PTPN11 mutation [His17] had an additional mutation in GNAI2 at p.R179H, a codon previously shown to be targeted by activating mutations 29 and 1 of the 5 NF1 mutated cases also had a mutation in JAK2 at p.V617F [His12]. A fourth PTPN11 mutated case at p.E76K [His18] did not have another RAS pathway mutation; however, it had high level amplification of the mutated PTPN11 allele (see below).
Additional mutations involving the RAS/MAPK pathway were detected in another 13 cases, none of which had Molecular pathogenesis of histiocytic sarcoma haematologica | 2020; 105(4) [36] [37] [38] [39] [40] In addition to mutations in the signaling pathways 
Copy number analysis shows additional alterations in NF1, PTPN11 and CDKN2A
A homozygous deletion in the NF1 gene was identified in an additional case [His03] from a lymph node and confirmed using a fluorescence in situ hybridization (FISH) probe targeting the deleted area. RNA-Seq data showed markedly lower counts of NF1 transcript in this case in comparison to the other samples, consistent with loss of NF1 ( Figure 3A-C) . The three cases with a single NF1 mutation [His01, His02 and His16] showed loss-of-heterozygosity (LOH) or copy number loss involving chromosome 17 including the NF1 gene.
Interestingly, a focal high-level amplification in chromosome 12 targeting PTPN11 was discovered in a further case [His18] involving the GI tract. This case harbored a known variant in the N-SH2 domain (p.E76K) of the amplified PTPN11 allele. In contrast to the other PTPN11 mutated cases, no mutation of NF1 was detected by exome sequencing. This high-level amplification was confirmed by FISH which showed multiple copies of the PTPN11 gene in the tumor cells in a double minute pattern. The amplified segment involved the entire PTPN11 gene, with the breakpoints identified by OncoScan in an adjacent gene, RPH3A, and 5' to PTPN11 involving HECTD4 on the complementary strand. This event was associated with a dramatic increase in PTPN11 transcripts in comparison to the other cases ( Figure 3D-F) .
Cases with NF1/PTPN11 alterations had associated losses or LOH of chromosome 10 or 10q and chromosome 17 or 17p in 3 of 5 cases assessed by OncoScan [His01, His02, His12] and confirmed by FISH in two cases (Online Supplementary Figure S3A-C) . Focal CDKN2A losses were present by OncoScan or confirmed by FISH in six cases that were NF1/PTPN11 wild-type [His05, His06, His10, His15, His19, His20] and included five cases with homozygous deletion [His05, His06, His10, His19, His20]. All homozygous deletions were confirmed by FISH (Online Supplementary Figure S3D 
Identification of a novel TTYH3-BRAF fusion
Fusion calling of RNA-Seq data identified a novel intrachromosomal fusion transcript between exon 12 of haematologica | 2020; 105(4) . This novel TTYH3-BRAF fusion has a similar structure to other reported BRAF fusions, 41, 42 with replacement of the RASbinding domain of BRAF by a 5' fusion partner, in this case, a chloride ion channel gene, TTYH3 ( Figure 4A ). The presence of the fusion transcript was confirmed by reverse transcription polymerase chain reaction (RT-PCR) using primers for exon 12 of TTYH3 and exon 8 of BRAF ( Figure  4B ), as well as by FISH ( Figure 4C ). Interestingly, RNA-Seq data showed markedly higher levels of BRAF transcript as compared to all other samples, suggesting that the TTYH3 gene partner contributed an active promoter to the fusion gene ( Figure 4D ). TTYH3 was found to be highly expressed in all cases with RNA-Seq data (data not shown).
Identification of two primary histiocytic sarcoma subgroups by whole transcriptome sequencing: association with NF1/PTPN11 mutational status
We examined the gene expression profile of pHS through whole transcriptome sequencing of 17 of the tumor samples using four cases of reactive nodal histiocytic infiltrates as controls. Three of the 17 tumor samples initially sequenced were excluded from the differential expression analysis as they failed quality control metrics and/or were outliers within the tumor group [His10] or within the data as a whole [His06, His09] (Online Supplementary Figure S4 ). Re-clustering segregated the remaining samples into three groups: normal controls (4 samples), cases with NF1 or PTPN11 abnormalities (5 samples), and a third heterogeneous group comprising NF1/PTPN11 wild-type cases (9 samples) ( Figure 5 ).
Gene set enrichment analysis shows enrichment of cell cycle processes in cases without NF1/PTPN11 abnormalities
To better understand the potential biological significance of the two pHS subgroups, we performed gene set enrichment analysis using EGSEA. This analysis showed significant enrichment of cell cycle pathway and cell proliferation gene sets in the NF1/PTPN11 wild-type tumor samples relative to samples with NF1/PTPN11 alterations. Ki67 immunohistochemistry was performed on a subset of cases and confirmed the lower proliferation rate in the NF1/PTPN11 subgroup ( Figure 6 and Online Supplementary Table S3 ).
The two tumor subgroups were also evident in the differential expression analysis comparing the normal and tumor samples when the genes with significant differential expression (FDR < 0.05, absolute log fold change > 1) were visualized across samples (Online Supplementary  Table S5 and Online Supplementary Figure S5 ). We took advantage of this to explore the possibility that disease site might be influencing the clustering of the tumor sub-Molecular pathogenesis of histiocytic sarcoma haematologica | 2020; 105(4) 957 groups, as four of the five NF1/PTPN11 samples subjected to unsupervised clustering were GI excisions. When we excluded genes associated with GI site from this tumor versus normal comparison, the two tumor subclusters were unaffected; however, a set of genes that were more clearly differentially expressed between the tumor subgroups were revealed that upon removal resulted in the elimination of the tumor subgroups. Functional enrichment of this set of genes using ToppFun (https://toppgene.cchmc.org) showed enrichment for cell cycle processes, supporting the EGSEA result and the interpretation that the observed clustering was related to the difference in cell cycle processes between tumor groups rather than the tumor site (Online Supplementary  Tables S6-S8 and Online Supplementary Figures S6 and S7 ).
Correlation of clonal IG rearrangement status and B-cell associated mutations with NF1/PTPN11 wild-type status
Clonal analysis to detect rearrangements of IG and TRG genes was performed on 19 of 21 cases, including 6 of 7 NF1/PTPN11 cases and 13 of 14 NF1/PTPN11 wildtype cases. Five cases had clonal rearrangement of the IGH and/or the IGK locus [His04, His10, His14, His20, His21], while two cases (including one with IG rearrangement) showed rearrangements of the TRG locus [His13, His20]. One case was indeterminate for a significant clonal IG rearrangement [His12]. All five clonally rearranged cases for IG were NF1/PTPN11 wild-type and all had additional mutations in transcriptional regulators and/or signaling pathway genes previously reported altered in B-cell lymphoma (see above). Three additional cases in the NF1/PTPN11 wild-type group had at least one B-cell associated gene mutation [His07, His08 and His19]. IGH/BCL2 (MBR) translocation analysis was positive in 1 of 17 cases [His10] (Online Supplementary  Table S3 ). In total, 8 of the 14 cases in the NF1/PTPN11 wild-type subgroup had clonal IG gene rearrangements or mutations in genes reported to be mutated in B-cell lymphomas (Figure 2 ).
Discussion
Our study furthers the current understanding of the genomic landscape of primary HS through integration of whole exome sequencing and gene expression analysis. It confirms the central role of the RAS/MAPK pathway in the pathogenesis of pHS, with RAS pathway abnormalities identified in all cases in this study. Moreover, it identifies haematologica | 2020; 105(4) 
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two molecular subgroups based on the presence or absence of NF1/PTPN11 alterations and prevalence of SETD2 mutations, and independently through unsupervised clustering of RNA-Seq data. In addition, our study identifies novel mechanisms of RAS/MAPK pathway activation, including a previously unreported intrachromosomal fusion between TTYH3 and BRAF that preserves the BRAF kinase domain, and high-level PTPN11 amplification. Perhaps the most surprising finding of our study was the discovery of the NF1/PTPN11 subgroup with its distinct molecular characteristics and tissue site of involvement. In contrast to the NF1/PTPN11 wild-type subgroup, none of these cases harbored abnormalities in genes associated with B-cell lymphomas beyond SETD2 or had clonal IG rearrangements. GSEA revealed that this subgroup was characterized by a relative loss of gene sets related to cellular proliferation and the cell cycle compared to those harboring other RAS/MAPK alterations, a finding supported by Ki67 immunohistochemistry.
The majority of the NF1/PTPN11 mutant cases had more than one MAPK pathway activating mutation. Three of the seven cases had co-occurring NF1 and PTPN11 mutations, while a fourth case had a co-occurring mutation in GNAI2 involving a codon previously shown to activate the MAPK pathway. 29 Additionally, while the remaining PTPN11 mutated case did not have a co-occurring RAS mutation, it did have high-level amplification of the mutated PTPN11 allele. In NF1 mutant melanoma, the frequent presence of a second gene mutation often involving PTPN11 (or another RASopathy gene) has led to the suggestion that NF1 inactivation is insufficient to cause full activation of the downstream MAPK pathway and tumorigenesis. 43 This hypothesis has been given further credence by recent data showing that NF1 loss-of-function mutant cell lines are dependent on SHP2 (encoded by PTPN11) mediated signaling for oncogenic RAS/MAPK pathway activation, 44 raising the possibility that activating mutations of PTPN11 may synergize with NF1 loss-of-function mutations to further potentiate the oncogenic activity of the pathway.
In contrast to the NF1/PTPN11 positive subgroup, the NF1/PTPN11 wild-type cluster was comprised primarily of cases with prototypic RAS/MAPK pathway activating mutations involving KRAS, NRAS, BRAF and MAP2K1. Interestingly, eight of the 14 cases in this subgroup contained IG gene rearrangements and/or additional mutations in genes commonly associated with B-cell lymphoproliferative disorders. These included one or more mutations in epigenetic regulators, transcription factors or signaling pathway genes, including CREBBP, KMT2D, DDX3X, ARID1A, MEF2B, SGK1, TNFRSF14, DTX1, GNA13, STAT6 and CARD11. [36] [37] [38] [39] [40] Clonal IG rearrangements were identified in five cases and a BCL2 gene rearrangement was identified in one case, while neither were definitively detected in the NF1/PTPN11 subgroup. In our series, it is worth noting that none of our cases had evidence of a concurrent or previous lymphoma, although we cannot exclude the possibility of an occult or unreported B-cell lymphoma being present. The finding of additional mutations associated with B-cell lymphomas and clonal IG gene rearrangements suggests that some cases of NF1/PTPN11 wild-type pHS may be similar in origin to the sHS that are associated with B-cell malignancies, which often share IG gene rearrangements with the associated B-cell lymphoma. 5, 6 This overlap has also been recently reported by Shanmugam et al. 18 In their series, they showed enrichment for a mutational signature resembling aberrant somatic hypermutation in cases that had a history of B-cell lymphoma or that had mutations in genes that are frequently mutated in B-cell lymphoma. Interestingly, they also found recurrent CDKN2A alterations that were more frequent in cases with a history of Bcell lymphoma or the aberrant somatic hypermutation signature. Similarly, our study identified a high frequency of focal CDKN2A losses/alterations in the NF1/PTPN11 wildtype subgroup which, in our cohort, frequently had molecular alterations associated with B-cell lymphoma.
Concurrent mutations in RAS/MAPK pathway genes were less common in the NF1/PTPN11 wild-type group, occurring in 4 of 14 cases with alterations. Two cases had concurrent mutations in MAP2K1 [His11 and His14]. The other two had co-occurring BRAF (p.G469V) and MAP2K1 (p.F53L) mutations [His10] or KRAS (p.G12D) and RAF1 (p.D486G) mutations [His21]. These data are consistent with the limited published data in HS in which reported occurrences of multiple RAS/MAPK pathway mutations tend to manifest as co-occurring MAP2K1 mutations 18 or involve atypical BRAF mutations, with co-occurring BRAF (p.G464V) and KRAS (p.Q61H), 45 BRAF (p.D594N) and KRAS (p.A146T), 18 BRAF (p.G469R) and NF1 (p.W2229*) 18 and BRAF (p.F595L) and HRAS (p.Q61R) mutations 46 described. Interestingly, in the latter case the unusual BRAF mutation was shown to have weak oncogenic activity requiring the co-operation of the HRAS mutation for full activity.
Two of the analytical challenges in our study included the lack of available matched germline samples in all but three cases, and the possibility that over-representation of GI site in the NF1/PTPN11 group could bias the RNA-Seq clustering. To exclude as many germline SNPs as possible we filtered all variants using stringent criteria for their representation in control populations (gnomAD) 47 and took CADD scores, 20 as well as presence in the Catalogue of Somatic Mutations in Cancer (COSMIC) 48 into consideration. In assessing potential site bias in gene expression clustering, we found that the separation of the tumor samples into the subgroups in the differential expression analysis was influenced by the removal of cell cycle-related genes but not by exclusion of GI site-associated genes. This, in addition to the similar mutational alterations in the cases, suggests that the clustering observed occurs independently of site.
In conclusion, our study provides further insight into the molecular pathogenesis of pHS. We show frequent mutations and alterations in genes of the RAS/MAPK pathway, suggesting that patients could potentially benefit from genomic evaluation and targeted therapy, and we report a distinct molecular subtype of pHS that correlates with the NF1/PTPN11 status of the tumor and frequently involves the GI tract. Finally, we also identify a subset of NF1/PTPN11 wild-type cases with mutations in B-cell lymphoma associated genes and/or clonal IG gene rearrangements. The identification of molecular subtypes of primary histiocytic sarcoma may prove to have clinical relevance in future studies.
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